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Tandem mass spectrometry using a hybrid mass spectrometer of BEqQ geometry was used 
to investigate the gas-phase formation of the [A,, + Li - H]+ ion from lithium-peptide 
adducts. High resolution mass measurements as well as 
P 
recursor and product ion scans of 
five peptides indicate that one source of [A, + Li - H] arises from [A, + Li]+. Semiem- 
pirical calculations (MNDO) and metastable ion decomposition studies of the peptide 
Gly-Gly-Gly show that the lithium ion prefers to coordinate to the three internal carbonyls 
of the neutral molecule to give a species that is energetically more stable than the lithiated 
zwitterion by 305 kJ/mol. Theoretical and experimental evidence suggest that the monolithi- 
ated precursor ion population may be a distribution of structural isomers. (J Sac Muss 
Spectrum 1990, 1, 473-480) 
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In this low energy experiments were 
out using tandem hybrid spectrometer 
of geometry. Five deuterated peptides 
examined. Parent referred to pre- 
cursor) scans as as daughter re- 
ferred as product) scans were to ascer- 
how the + Li H]’ ion formed. In 
tion, high mass measurements made 
to accurately some the ions question. 
Semiempirical and metastable scan 
experiments carried out one small in 
order obtain theoretical experimental results 
support of energetically stable 
molecular species. latter experiment new 
questions the mechanisms formation of 
[B, + + H] ion. 
Experimental 
Mass spectra were obtained using a VG ZAB2-EQ 
mass spectrometer of BEqQ geometry (VG Analytical 
Ltd, Greater Manchester, UK). Fast atom bombard- 
ment (FAB) mass spectrometry experiments were per- 
formed using a cesium ion gun operated at 20 kV and 
1.0 aA emission current. The accelerating voltage was 
8 kV and the mass range from 100 to 1000 u was 
scanned at 15 set/decade. 
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Collision-Induced Dissociation 
Product ion spectra were generated from CID of the 
monolithiated and dilithiated molecular ions transmit- 
ted into the rf only quadrupole (q) with 15-20 eV 
collision energy (laboratory frame-of-reference). Ar- 
gon gas pressure (1 - 2 x 1O-6 Torr) was measured 
with an ion gauge near the quadrupole collision cell. 
Low energy CID spectra were obtained by scanning 
the mass analyzer up in mass from 40-700 u in lo-15 
seconds and five to ten scans were acquired under 
data system control in the MCA (multichannel ana- 
lyzer) mode. The mass scaIe of the quadrupole ana- 
lyzer (Q) was calibrated using low and high mass ions 
obtained from CID of the protonated molecule Phe- 
Leu-Glu-Glu-Ile [5] (Sigma Chemical Co., St. Louis, 
MO), or from the cluster ions of gIycero1. 
Precursor ion spectra were generated by scanning 
the magnet (B) whiie setting Q to pass only the mass 
of the product ion. This type of scan was again ac- 
quired under data system control with the mass range 
of 50-700 u used for the front end scan. 
Metastuble Ion Scans 
Metastable product ion spectra were collected in the 
same manner as CID product ion spectra with the 
exception that collision gas was not used in these 
experiments. Pressure in q was between lo-’ and 
10m9 Torr. Precursor ions thus underwent unimolecu- 
lar decompositions resulting in ions that were mass 
analyzed in Q. 
High Resolution Mass Measurements 
Accurate mass measurements were made at 1:20,000 
resolution by peak matching the source-derived pep- 
tide ions of m/z 416 and 402 of the lithiated peptide 
YAGFM and YGGFL, respectively, against the proto- 
nated molecule tryptophyl-tryptophan (m/z 391.1770) 
(Sigma Chemical Co). 
Samples 
Five peptides were used for the labeling experiments. 
These included: leucine-enkephalin (YGGFL), [D- 
Ala’] methionine-enkephalin (YAGFM), & 
casomorphin fragment l-5 (YPFPG), glycyl-glycyl- 
glycine (GGG), and alanyl-alanyl-alanyl-alanyl-alanine 
(AAAAA), (Sigma Chemical Co). Deuterated peptides 
were prepared by lyophilizing 2 mg of peptide four 
times with 500 PL aliquots of D,O (99.9% D, Cam- 
bridge Isotope Laboratories, Woburn, MA). The final 
lyophilization was taken to 100 FL in D,O, and this 
was used as the stock solution for all experiments. 
Samples for mass spectrometry of the deuterated pep- 
tide were diluted 1:l with D,-glycerol (ICN Biomedi- 
cals Inc., Cambridge, MA) or D,-dithiothreitol/D,-di- 
thioerythritol (3:l mixture prepared in our laboratory) 
and 1 PL applied to the stainless steel probe tip. 
Samples for CID experiments on the deuterium- 
labeled monolithiated precursor were prepared by 
mixing the 1:l solution described above with 0.23 M 
6LiOD in a 5:2 (peptide:6LiOD) ratio. For collision 
experiments on the dilithiated precursor, the ratio 
was 1:2 (peptide:6LiOD). 
Semiempirical Calculations 
Modified neglect of differential overlap (MNDO) cal- 
culations (71 were performed using a general purpose 
semiempirical molecular orbital package (MOPAC) 
written by James J. P. Stewart (Frank J. Seiler Re- 
search Lab, USAF Academy, Colorado Spring, CO). 
The semiempirical Hamiltonian MNDO is used in the 
electronic part of the calculation to obtain molecular 
orbitals, ionization potentials, and the heats of forma- 
tion. In principle the user creates a data tie that 
describes a molecular system and specifies what kind 
of calculations and output are desired. MOPAC runs 
from a computer aided chemistry (CAChe) worksys- 
tern that is a combination of hardware and software 
developed for the Macintosh by Tektronix. 
The Cartesian coordinates for Gly-Gly-Gly [8] were 
entered into the MOPAC input file from which a 
three-dimensional structure was drawn and exhibited 
on the Tektronix 3-D system. Lithium was added to 
various sites on the molecule, and dihedral angIes 
were altered in order that possible logical variations of 
the molecule conformation could be calculated. As the 
program proceeds, the calculation minimizes the 
structure to its most energetically stable form given 
the data input. For example, for Gly-GIy-Gly in a total 
trans orientation, lithium was initially placed immedi- 
ately adjacent to one of the carboxylate oxygens and 
the N-terminus was designated as NH:. The calcula- 
tion, however, minimized this to give a more energet- 
ically favorable structure that places the lithium 
equidistant between the two oxygens of the carboxyl- 
ate (see Results for structures obtained). For this par- 
ticular structure only the total trans configuration was 
entered into the program. This was based on evidence 
showing both neutral and zwitterionic peptides to be 
most stable with the peptide bond in the trans orien- 
tation [9]. 
Results and Discussion 
Previous work has shown that the [A, + Li - H]+ 
ion is present in the CID spectra from both monolithi- 
ated [4, 5) and dihthiated [5] precursor ions. As de- 
picted in Schemes I and II, this ion could appear as 
m/z 421 or 422 for the deuterated lithiated salt of 
YAGFM depending on the mechanism of formation. 
Grese et al. [4] suggested that in the case of monoli- 
thiated peptides, this ion is formed via Scheme I, 
whereby a lithium rearrangement occurs from the 
C-terminal carboxylate salt in which deuterium is dis- 
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Scheme I 
placed by lithium and, after neutral losses, the [A,, + 
Li - D]+ ion is formed. We proposed earlier that this 
ion is formed by Scheme II [5]. In this case [A, + Li]+ 
is formed from which a hydrogen radical is lost from 
the beta carbon of the phenylalanine side chain thus 
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Figure 1. (a) Partial CID spectrum of [M f6Li]+ from deuter- 
ated YAGFM. (b) Partial ClD spectrum of [M + 26 Li - D]+ 
from deuterated YAGFM. 
affording an [A, + Li - H]+ ion. The analogous A, 
ion formed from protonated peptides has been pro- 
posed to arise by the mechanism shown in Scheme II 
via CID of the [A, + l] ion of Substance P [lo]. 
For all experiments the isotope ‘Li was used in 
order to reduce confusion in the tandem mass spec- 
trometry (MS/MS) spectra of both deuterated and 
nondeuterated peptides. Also, because of the inher- 
ent confusion of adding hydrogen, deuterium, and 
lithium to various fragments, sequence ions are re- 
ported with the corresponding number of lithiums or 
deuteriums added. For example, the ion m/z 469 in 
Figure la corresponds to the B, ion [ll] plus one 
oxygen, one deuterium, and one lithium. Thus its 
designation is [B4 + 06Li + HI+. Similarly, the [A4 
+6Li - HI+ ion is the A, ion to which one lithium 
has been added and one hydrogen removed. 
Collision-Induced Dissociation of Labeled 
Peptides 
In order to better determine the mechanism(s) for the 
formation of the [A, +6Li - H]+ ion, labeling experi- 
ments were conducted in which all the exchangeable 
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Table 1. Ratio of [A, +*Li - D]+/[A, +6Li - HI+ ion abundances relative to [A, +6Li - D]* 
from CID of the monolithiated and diithiated molecular ions of indicated peptides 
% 56 Abundance 
Peptide MSSS from [M + 6Li]+ from [M + 2”Li - D]+ 
[A, + 6Li - D]*/[& + 6Li - H]+ 
YAGFM 
(A.,1 
YPFPG 
IA31 
YGG!=L 
(A,) 
AAAAA 
(A,) 
GGG 
(A,) 
421 j422 100/15 100 j65 
369 j390 loo/l8 ID0 j53 
407 j406 lOOj50 100 195 
266 j267 100 /IO lOQjl5 
w/95 100/o 100 /o 
sites on several peptides were labeled with deu- 
terium. Table 1 lists the peptides and the relative 
ratios of the [A, + 6Li - D]+/[A,, +6Li - H]+ ions 
obtained when both the monolithiated and dilithiated 
precursors underwent CID. Figure la and b are the 
partial MS/MSproduct ion spectra in which the pep- 
tide YAGFM is exemplihed. The insets of Figure 1 
demonstrate that the anaIyzer quadrupole was tuned 
for unit mass resolution. The results clearly indicate 
that both [A, +6Li - D]+ and [A,, +6Li - H]+ ions 
are formed, albeit in differing relative abundances. 
This suggests that more than one mechanism leads to 
the formation of this ion. The only peptide for which 
this is not the case is GGG. (This particular peptide 
will be discussed in detail further on.) 
Interestingly, the abundance of the [A,, +6Li - 
HI+ ion is always greater when the [M + 2 ‘Li - D]+ 
is the precursor (this is shown more dramatically in 
the precursor ion spectra shown later). Possible struc- 
tures of the dilithiated precursor are currently under 
investigation. Preliminary data suggest that the site of 
coordination of the lithium ion enhances and/or sup- 
presses one fragmentation pathway over another. It 
also appears that the nature of the side chain may 
influence the formation of [A, + ‘Li - H] + ion when 
the dilithiated molecular ion is the precursor, as evi- 
denced by the differences in abundances, that is, loss 
of a hydrogen radical from the beta carbon of the 
phenylalanine side chain is a more facile process than 
said loss from the methyl group of alanine. The for- 
mation of both ions, as well as the differences ob- 
served in the abundances of these ions, suggests that 
one mechanism may be favored over another depend- 
ing on where the lithium coordinates on the molecule. 
Another observation is that an ion whose mass corre- 
sponds to [A, + %i]+ is seen in all the CID spectra of 
the [M + 2 6Li - D] + from the peptides investigated 
with the exception of GGG. In order to determine if 
[A, + 6Li]+ is in fact a precursor to [A,, + ‘Li - H]+ 
as suggested in Scheme II, precursor ion scans were 
collected for all the peptides analyzed, data for which 
are presented below. 
Precursor Ion Scans 
Unlike the product ion scans, precursor scans were 
obtained from the protiated and lithiated peptides. As 
we are primarily interested in determining if one 
possible mechanism for the formation of [A, +‘Li - 
H]+ is from [A,, +6Li]c, deuteration of the peptides 
was not essential. Figure 2a and b are the precursor 
ion scans for the [A4 +6Li - H]+ and [As +6Li - 
[.t.g + 6Li - HI+ 
[XI + ?. 6Li - HI+ 
[AJ + 6Li - HI+ 
Figure 2. (a) Precursor ion scan of [A4 +6Li - HI+ from YG- 
GFL. (b) Precursor ion scan of [A3 +6Li - H]+ from YGGFL. 
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H]+ ions, respectively, of YGGFL. As shown in a, the 
[A4 +6Li - H] + ion appears to arise not only from 
the monolithiated and dilithiated precursors, but from 
several other ions, one of which is m/z 403 and pre- 
sumably the [A4 +‘jLi]+ ion. Seen here, as in the 
product ion spectrum (Figure lb), the dilithiated 
molecular ion appears to be more of a contributor to 
[A4 +6Li - H]+ than the monolithiated precursor. 
(For all peptides studied, the abundance of both the 
monolithiated and dilithiated precursors were the 
same,) This also was the general trend for all peptides 
investigated. The peptides YAGFM, YPFPG, YGGFL, 
and AAAAA all showed an ion 1 mass unit greater 
than the corresponding [A, +‘jLi - H]’ ion in the 
precursor ion scans. 
scan shown in Figure 2a indicates that an ion of m/z 
473 is also a precursor to m/z 402. Scheme III shows a 
proposed mechanism whereby the ion at m/z 473 
might lead to a stable Y type ion of 402 u. (The 
precursor at m/z 517 is still under investigation.) This 
fragmentation scheme suggests however that m/z 402 
must be an unresolved doublet whereby two different 
mechanisms give rise to these isobars. 
Figure 2b indicates that the [A3 +‘Li - H]+ ion 
arises from the dilithiated molecular ion precursor as 
well as from the [A., +6Li - H]+ ion of m/z 402. 
Clearly missing is an ion at m/z 256 suggesting that a 
hydrogen radical is not lost from the third amino acid 
in the sequence. This is logical given the fact that 
glycine has no side chain and assuming Scheme II is 
the mechanism whereby these ions lose one hydro- 
gen. 
High resolution mass measurements of the ion at 
m/z 402 at 1:20,000 resolution did in fact show a 
doublet corresponding to C,H,N,0,6 Li = 402.1955 
(+0.6 mmu difference from theoretical), and 
C,,H,N,O, 6Li, = 402.2206 (0.0 mmu difference from 
theoretical). The lower mass ion in the doublet is 
[A4 f6Li - H]+ while the higher mass ion matches 
the elemental composition of the ion shown in Scheme 
III. Obviously, at unit mass resolution of the 
quadrupole mass analyzer, one cannot distinguish 
between these ions. 
The case of lithiated leucine enkephalin is an inter- 
esting example in which great care is demanded in 
making structural assignments based on nominal 
Fortunately, the remaining peptides investigated 
did not exhibit this overlap of A, and Y,, ions. Evi- 
dence for this is shown in Figure 3, in which the 
precursor ion scan for m/z 416 of YAGFM ([A, +6Li 
- HI+) is shown along with its exact mass measure- 
ment (measured at 1:20,000 with the double focusing 
portion [BE] of the instrument on the source-derived 
ions). At this resolution, the ion at m/z416 appears as 
masses of the ions. For instance, the precursor ion a singlet and is attributed to the [A4 +‘Li - H]+ ion. 
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Figure 3. Precursor ion scan of [A4 +6Li - HI+ from YAGFM. 
Inset indicates exact measurement of m/z 416, difference in 
millimass units from measured and calculated, and the corn+ 
spending elemental composition. 
In this case, as with WFEG, AAAAA, and YGGFL, 
the ion appearing at the mass corresponding to the 
[A, +6Li]t ion is one of the precursors to [A, +6Li 
- H]+. Unfortunately, exact mass measurement of 
the [A, +6Li]+ ion for the peptides studied was not 
possible because the resolution required to resolve 
this ion from the r3C isotope of the [A, +6Li - H]+ 
ion is 1:90,0@0. 
At present, we can suggest no other logical mecha- 
nism whereby a hydrogen is removed to produce the 
[A,, +6Li - H]+ ion. Given the evidence presented 
here, it seems quite valid to entertain Scheme II as 
one mechanism for the formation of the [A, +“Li - 
H]+ ion. Obviously, this must be prefaced by saying 
that the above is true under the conditions of a low 
energy collision regime where multiple collisions are 
dearly taking place. 
The mechanism shown in Scheme III raises an 
interesting issue, that is, is one or both lithiums coor- 
dinated to the internal carbonyls of leucine eukephalin 
(and perhaps of other peptides as well)? And if so, 
does this “activate” these carbonyls towards nucle- 
ophilic attack and/or does it initiate bond cleavage of 
the peptide backbone? 
Gly-Gly-Gly: Experimental and 
Theoretical Studies 
metal + HI+ ion (Scheme IV) observed in both the 
metastable and the low and high energy collision 
spectra of 180-labeled alkali metal-peptide adduct 
molecular ions [l, 4, 61. 
Ab initio studies of the amino acid glycine and its 
zwitterion (no meta ions present) have shown that in 
the gas phase, the zwitterion is less stable than the 
neutral form by approximately 125 kJ/mol[12]. Similar 
ab initio scf studies of Gly-Gly-Gly showed the neu- 
tral form of the peptide to be more stable than the 
zwitterlon by 501 kJ/mol[9]. Given this evidence, and 
the fact that the lithium ion would prefer to be tricoor- 
dinate or tetracoordinate [13, and references therein], 
it is not unreasonable or unlikely for lithium to prefer 
internal coordination to the neutral form of Gly-Gly- 
Gly (Figure 4a) over the lithiated zwitterion (Figure 
4b). 
Collision-induced dissociation studies of the mono- 
lithiated molecular ion of Gly-Gly-Gly showed the 
characteristic [B, + O’Li + H]+ ion reported previ- 
ously, again reinforcing Scheme IV. However, MNDO 
calculations performed on various structural forms of 
the monolithiated Gly-Gly-Gly suggest that lithium is 
coordinated to the internal carbonyb of the neutral 
form of the molecule and is favored over structure 4 b 
by 305 kJimo1. Figure 4a through d depicts some of 
the diierent structural isomers obtained from the 
MNDO calculations along with their respective heats 
of formation (AH,) (supplementary material which 
includes these four structures with Cartesian coordi- 
- co 
- HN=CH, 
Modified neglect of differential overlap studies were 
undertaken in order to better determine where a 
lithium ion might coordinate to a peptide. Although 
the earliest work proposed coordination of sodium to 
the internal carbonyls of a peptide [l], recent mecha- 
nisms postulated for fragmentation of lithium-peptide 
adducts have indicated that the metal is coordinated 
to one of the terminal carboxy oxygens in the form of 
a lithiated zwitterion [4]. Evidence for both structures 
has been based on the formation of the [B, + 0 + 
+ 
H 0 
I: 
H&l 
^r( 
3 0% 
On 
m/z 138 
Scheme IV 
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Figure 4. (a-d) show strucfures of lithiated Gly-Gly-Gly gener- 
ated from MNDO calculations together with respective heats of 
formation (H,). AH, = (a) -333.75 kJ/mol; (b) -28.80 kJ/mol; 
(c) - 265.09 kJ/mol; (d) + 10.99 kJ/mol. 
nates and z matrices is available upon request). For all 
permutations minimized by the MNDO program, 
structure 4 b is one of the least favored. 
As the collision energy for CID was on the order of 
20 eV, it could be justifiably argued that the internal 
energy deposited upon collision would exceed the 
AHf of 333 kJ/mol for structure 4 a. Therefore, prod- 
uct ion spectra were obtained from the monolithiated 
molecular ion of Gly-Gly-Gly under unimolecular de- 
composition conditions and the results presented in 
Figure 5. The ions at m/z 138 and 81 assigned as the 
[B2 + 06Li + HI+ and [B, + 06Li + HI+ ions, re- 
spectively, are still clearly present in the metastable 
ion spectra. Given the experimental and theoretical 
evidence presented, one must consider structure 4 A 
as an important, if not prevalent, precursor ion. It is 
highly likely that, at least for Gly-Gly-Gly, this form 
of the ion is the predominant one and that other 
mechanisms for the formation of the [B, +. 0% + 
H]+ ion, such as those proposed earlier [l], must also 
be considered. Indeed, evidence has been presented 
that shows that protonated peptides also produce this 
comparable B, ion in the absence of alkali metals [14]. 
Although these data do not completely rule out 
structure 4 b, it clearly demands that other structures 
be considered as well when postulating mechanisms 
for product ion formation. For instance, the structure 
shown in Figure 4c is only 41 kJ/molless stable than 
that shown in 4 a. Even under conditions of metastable 
ion decomposition, it would be very difhcult to sub- 
stantiate the existence of structure 4 a and deny that 
of 4 c (approximately 0.3 eV difference). Structures 4 c 
and 4 a are of particular interest because they support 
experimental data that have shown that not 
only A, ions but also C, ions retain the Li atom [5]. 
Similarly, both Na and K atoms have also been re- 
tamed in An and C, ions observed previously [l]. It is 
more likely that the precursor ion population exists as 
a distribution of conformers and structural isomers, 
some more energetically favorable than others and 
that under low energy CID conditions different struc- 
tural isomers give rise to the different ions observed. 
The most stable structure produced by FAB may not 
decompose during the time frame of the experiment 
and thus may be observed as the precursor in the 
product ion spectra. 
181 
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Figure 5. Spectrum generated from unimolecular decomposi- 
tion of [M + LiJ* of Cly-Gly-Gly. Met&able precursor ions 
were transmitted into g where their decompositions could be 
studied. 
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Conclusion 
LOW energy CID of lithium-peptide adducts indicate 
that one of the precursors to the [A, + Li - H]+ ion 
is the [A, + LI] . + ion. The mechanism of formation 
appears to be the same as reported previously for 
protonated peptides under high energy collisions. 
MNDO calculations of monolithiated Gly-Gly-Gly 
show that lithium prefers to coordinate to the three 
carbonyls of the neutral form of the peptide and is 
energetically more favorable than the lithiated zwitte- 
rion by 305 kJ/mol. In addition, at least one other 
structural isomer with lithium coordinated to the N- 
terminus is only 41 kJ/mol less stable. This suggests 
that more than one structural isomer makes up the 
precursor ion population. Therefore, different 
lithium-peptide adduct structures must be considered 
when formulating mechanisms of ion formation. 
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